IFN-regulatory factor 5 (IRF-5), a member of the IRF family, is a transcription factor that has a key role in the induction of the antiviral and inflammatory response. When compared with C57BL/6 mice, Irf5 −/− mice show higher susceptibility to viral infection and de- in Toll-like receptor (TLR) 7-and TLR9-induced IL-6 production, and the aged Irf5 −/− mice have decreased serum levels of natural antibodies; however, the antigen-specific IgG1 primary response was already dependent in IRF-5 in young mice, although the IgM response was not. Analysis of the profile of transcription factors associated with plasma cell differentiation shows down-regulation of Blimp-1 expression, a master regulator of plasma cell differentiation, which can be reconstituted with ectopic IRF-5. IRF-5 stimulates transcription of the Prdm1 gene encoding Blimp-1 and binds to the IRF site in the Prdm1 promoter. Collectively, these results reveal that the age-related splenomegaly in Irf5 he roles of IFN-regulatory factor (IRF) 3 and IRF-7 in the antiviral response have been well established, and their function in induction of type I Ifn genes has been extensively characterized (1, 2). The in vitro studies indicated that IRF-5 may also be involved in the antiviral response, but it was only recently that Irf5 −/− mice became available and the importance of IRF-5 in the antiviral and inflammatory response in vivo was clearly demonstrated (3, 4). Irf5 −/− mice exhibit high susceptibility to viral infection and show reductions in serum levels of type I IFN as well as inflammatory cytokines (4). Irf5
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−/− mice also show resistance to lethal shock induced by unmethylated CpG DNA and LPS (3). IRF-5 expression is induced by type I IFN and viral infection. In humans, IRF-5 is expressed in multiple spliced variants (5) , and a distinct polymorphism in the IRF-5 gene is associated with autoimmune diseases such as systemic lupus erythematosus (6) and rheumatoid arthritis (7) .
The aim of this study was to examine the role of IRF-5 in B-cell development and differentiation, because we had observed that Irf5 −/− mice exhibit age-related splenomegaly associated with a large increase in CD19 + cells. Here, we demonstrate that Irf5 −/− mice show a dramatic increase in CD19 + B220
− cells and attenuation of plasma cell development. Addressing the molecular mechanism responsible for this impairment, we show that IRF-5 regulates expression of the plasma cell maturation protein Blimp-1. Blimp-1 encoded by Prdm1 is required for the formation of Ig-secreted plasma cells (8) . In mice, B cells specific for Blimp-1 deficiency result in attenuation of plasma cell development and a reduction in the humoral antigenic response (9) . Thus, our results reveal the importance of IRF-5 in B-cell development and the commitment to terminal B-cell differentiation by stimulating expression of Blimp-1, the master regulator of plasma cell differentiation.
Results

Irf5
−/− Mice Displayed Age-Related Splenomegaly. The young Irf5 −/− mice did not show any characteristic phenotype and had normalsized littermates. However, with increasing age, these mice developed splenomegaly when compared with age-matched C57BL/6 mice ( Fig. 1) . Analysis of splenic cellularity showed no significant difference in spleen weight and total cell number in spleens of young Irf5 −/− mice (8 weeks old) compared with age-matched C57BL/6 mice (Table S1 ); however, with increasing age, splenomegaly developed in 70-80% of Irf5 −/− mice. Thus, spleen weight of 10-month-old Irf5 −/− mice increased about 2-fold when compared with age-matched C57BL/6 mice. The enlargement of lymph nodes was less frequent and was seen only in 30-40% of mice.
Analysis of the spleen architecture in H&E-stained paraffinembedded sections of spleens from Irf5 −/− mice and age-matched C57BL/6 mice showed that Irf5 −/− mice exhibit an expansion of marginal zones surrounding the white pulp by mononuclear cells (Fig. 1) . The red pulp was also expanded diffusely by mononuclear cells, erythrocytes, and myeloid precursors (extramedullary hematopoiesis). This phenomenon was observed in 6-month-old Irf5 −/− mice, we analyzed distinct populations of splenocytes by five-color flow cytometry, comparing the splenocytes of old Irf5 −/− and agematched C57BL/6 mice ( Fig. 2 and Fig. S2 ). In the old (14 months old) Irf5 −/− mice, the CD19 + B-cell population represented ≈90% of the splenocytes, whereas in the age-matched C57BL/6 mice, only about 35% of splenocytes were B cells. The number of splenic CD4 + T cells in the old Irf5 −/− mice was decreased by 3-fold, and there was a slight reduction in the levels of CD8 + T cells when compared with the age-matched C57BL/6 mice (Table S2) . However, the decline of CD4 + T cells over age resulted an inversion of the CD4/CD8 T-cell ratio in Irf5 −/− mice compared Table S2 ). Finally, the spleens of Irf5 −/− mice showed fewer CD138 high , B220 high plasma cells throughout their age (37% of the controls at 14 months of age) ( Fig.  2B and Table S2 ). The large cell size, uniform IgM staining, and high B-cell count (∼400-600 × 10 6 in a total spleen) suggest the presence of B-cell lymphoma (BCL).
In contrast, analysis of the splenic lymphocyte population in young (8 weeks old) Irf5 −/− mice did not show significant differences in the levels of T cells and B-cell subtypes from the C57BL/6 mice ( Fig. 2 , Fig. S2 , and Table S2 ). Many of the phenotypic changes arise gradually, with significant alterations apparent by 6-7 months of age, at a time when overall splenocyte numbers have not yet changed ( Fig. 2 and Fig. S2 ). However, the increase in the level of CD19 + B220
− cells was already detected in 7-month-old mice. Further characterization of the B-cell profile as a consequence of aging of the Irf5 −/− mice, as well as determination of the clonality of B-cell expansion, is under investigation, and hence not included in the present study.
IRF-5 expression in distinct stages of B-cell lineage was determined by flow cytometry. As shown in 
levels of inflammatory cytokines in infected Irf5
−/− mice were decreased when compared with the C57BL/6 mice, and the Irf5 −/− CD11c + cells showed a decrease in TNF-α and IL-6 production on MyD88 activation (4). We therefore analyzed IL-6 production in Irf5 −/− B cells from young (8 weeks old) and old (14 months old) Irf5 −/− mice and age-matched C57BL/6 controls stimulated in vitro with Toll-like receptor (TLR) 4, TLR7, and TLR9 ligands (Fig. S4A ). There was no significant difference in IL-6 production in response to LPS stimulation between C57BL/6 and Irf5 −/− mice (old and young). However, on stimulation with R848 or CpG DNA, B cells from both young and old Irf5 −/− mice produced lower levels of IL-6 than the B cells from C57BL/6 mice. There was no down-modulation of TLR7 expression in Irf5 −/− B cells, indicating that the attenuation of IL-6 expression is not attributable to the lower expression of TLR7 in these cells (Fig. S4B) . The expression of TLR9 was very low both in Irf5 −/− B cells and B cells from C57BL/6 mice, and the levels did not differ. These data show that IRF-5 has a critical role in the TLR7-and TLR9-mediated activation of IL-6 in splenic B cells.
Because the analysis of B-cell differentiation in Irf5 −/− mice suggests a decrease in plasma cells, which are the major source of Igs, we measured and compared the level of natural antibodies in serum of naive Irf5 −/− mice and C57BL/6 mice. No significant differences in the serum levels of IgG subtypes were observed between naive young (8 weeks old) Irf5 −/− mice and C57BL/6 mice (Fig. S5) . However, in aged (10 months old) Irf5 −/− mice, the levels of IgG1, IgG2a, and IgG2b were decreased, whereas the levels of IgM were increased compared with the serum levels of the C57BL/6 mice. The high levels of IgM and low levels of IgG suggest that the Irf5 −/− B cells have either defects in isotype switching or attenuation of the terminal differentiation to IgG-secreting plasma cells.
Although the young Irf5 −/− mice (8 weeks old) did not show major changes in the B-cell repertoire (Fig. 2) , the antibody response to T-cell-dependent antigen, following primary immunization of these mice, showed a significant reduction in IgG1 (P = 0.018) and a transient reduction in IgM (P = 0.011). The early antigenic response to T-cell-independent antigen was very low, but there was a significant decrease in the antigen-specific IgG1 (P = 0.016), whereas there was no difference in IgM levels between Irf5 −/− mice and agematched controls (Fig. 3) . The antigen-specific responses of the other IgG subclasses, as well as the secondary responses, are being evaluated. These data suggest that IRF-5 expression in B cells drives the secretion of the antigen-specific IgG1 both in T-cell-dependent and -independent primary immunization, although the impairment in the serum levels of natural antibodies could be detected primarily in aged mice.
IRF-5 Regulates
−/− B cells (10) . The paired box protein 5 (PAX-5) (11) is expressed throughout the B-cell lineages, and inhibition of PAX-5 expression is the first step in plasma cell differentiation (12) . The down-regulation of nuclear phosphoprotein BCL-6 terminates the germinal cell (GC) transcription cascade, and the expression of the B-lymphocyte-induced maturation protein Blimp-1 is critical for differentiation to plasma cells and IgG production (13, 14) . Blimp-1 expression is regulated on a transcriptional level and can be induced both by TLR ligands (15) and IRF-4 (16) . Analysis of the expression of these factors by semiquantitative RT-PCR shows that purified B cells from both young and old Irf5 −/− mice exhibit significantly lower levels of Blimp-1 mRNA than B cells from the age-matched C57BL/6 mice (Fig.  4A) . The expression of Blimp-1 on the protein level could not be evaluated because it is very low even in unstimulated C57BL/6 B cells. There was also a decrease in IRF-4 expression in Irf5 −/− B cells, seen both on RNA and protein levels (Fig. 4 A and B) , whereas the expression of PAX-5 and IRF-8 was not modulated. BCL-6 expression was not greatly modulated in Irf5 −/− mice, and the observed differences may be not significant. Collectively, these data indicate that the expression of Blimp-1 and IRF-4 is downregulated in B cells of Irf5 −/− mice. Blimp-1 is encoded by the Prdm1 gene. To demonstrate that the low levels of Prdm1 transcripts in Irf5 −/− B cells are attributable to the absence of IRF-5 and not to decreased levels of IRF-4, we reconstituted Irf5 −/− B cells with full-length IRF-5 cDNA by retroviral transduction (Fig. 4C) . LPS stimulated Blimp-1 expression in splenic B cells (15) of C57BL/6 mice, although it did not enhance levels of Prdm1 transcripts in Irf5 −/− B cells (Fig. 4C) . However, reconstitution of IRF-5 expression in LPS-stimulated Irf5 −/− B cells significantly increased the relative levels of Prdm1 transcripts (Fig. 4C) . These data show unambiguously that the attenuation of Blimp-1 levels in Irf5 −/− B cells is attributable to the absence of Irf5 −/− expression and imply that IRF-5 is a transcriptional activator of Prdm1.
Sequence analysis of the Prdm1 promoter showed the presence of interferon regulatory factor (IRF) and interferon stimulated response element (ISRE)-like domains (Fig. S6A) . We used the DNA pull-down assay to examine whether IRF-5 can bind to this sequence. We have shown previously (4) that murine IRF-5 is activated by viral infection and by the TLR7 or TLR9 mediated MyD88 signaling pathway. MyD88 activated IRF-5 bound effectively to the deoxyoligonucleotide corresponding to the Prdm1 IRF binding site, although it did not bind to a mutated IRF site or to an unrelated oligonucleotide (Fig. S6A) . Under the same conditions, there was no significant binding of IRF-5 in the absence of MyD88 activation. To determine whether the binding of IRF-5 to the IRF domain is functional, we examined whether IRF-5 can stimulate the transcriptional activity of the Prdm1 promoter, using a transient transfection assay with a Prdm1 promoter-regulated firefly luciferase expression vector. The Prdm1 promoter was shown to be constitutively active in a transient transfection assay (17) ; however, as shown in Fig. S6B , MyD88-activated ectopic IRF-5 stimulated activity of the Prdm1 promoter in a dose-dependent manner. In the absence of MyD88, IRF-5 was unable to activate the Prdm1 promoter above the basal levels. MyD88 alone did not stimulate the activity of the Prdm1 promoter at the concentration levels used. We have shown previously that MyD88 activation of IRF-5 includes tumor necrosis factors (TNF) receptor associated factor-6 (TRAF-6)-mediated K63 ubiquitination and phosphorylation by a yet unknown kinase (18) . It remains to be determined what activates IRF-5 in B cells of naive mice, and we are presently addressing this question.
Discussion
In the present study, we have demonstrated that IRF-5 is required for B-cell maturation and expression of Blimp-1 a hallmark of plasma cells. Two other members of the IRF family, IRF-4 and IRF-8, have been shown to have critical functions in different stages of B-cell development. Although in pre-B cells, some of their functions are redundant (18, 19) , in later stages of B-cell development, IRF-4 suppresses BCL-6 transcription (20) and regulates receptor editing, Ig class switching, and plasma cell differentiation (21, 22) . IRF-8 functions in the GC B-cell transcription program and directly stimulates expression of the BCL-6 gene (23) . Altogether, these data indicate that several members of the IRF family can affect B-cell development, although at steps distinct from IRF-5.
IRF-5 is activated by the MyD88 signaling pathway, and alteration of B-cell function was observed in MyD88 −/− mice (24), which failed to develop long-lived plasma cells and a long-term antibodymediated antiviral response (25) . MyD88 activation of B cells was required to generate a primary response to T-cell-dependent antigen, and the impairment was predominantly in the IgG2a/c class, whereas the impairment in the antigen-specific IgG1 response showed some variation (24, 26) . Our data indicate that IRF-5 is required for the primary antigen responses in the IgG1 class, whereas the IgM response was generally independent of IRF-5. The impairment in the antigen-specific IgG1 was already detected in young mice that had not yet developed splenomegaly or accumulation of CD19 + B220
− cells. These data suggest that IRF-5 is required in T helper (Th)-2 responses; however, it still remains to be determined whether there is also impairment in the IgG2a/c subclasses, which are associated with the Th-1 response, and this question is being examined.
Old Irf5 −/− mice have shown a decrease in the levels of CD138 + B220 + B cells and a marked accumulation of large CD19 + B220 − cells that may represent preblast or plasmablast B cells, indicating that aged Irf5 −/− mice have defects in plasma cell development. Alternatively, these cells could represent expansion of B1 cells, which are the major producers of the circulating IgM present at high levels in the serum of old Irf5 −/− mice (8). We are presently examining this possibility. There was no significant accumulation of CD19 + B220
− B cells in young mice; however, increased levels were already detected in 7-month-old mice ( Fig.  2A) . There was also a decrease in the expression of the transcription factor Blimp-1, a hallmark of plasma cells in both young and old mice. Blimp-1 is zinc finger-containing transcriptional repressor encoded by the Prdm1 gene, which has a critical role in the development and maintenance of antibody-secreting plasma cells by down-regulating expression of PAX-5 and BCL-6 (27) as well as cmyc (28) . Mice with B-lineage-specific Blimp-1 deletion do not generate plasma cells (29) , and ectopic expression of Blimp-1 in mature B cells drives plasma cell differentiation (27) . In mice, Blimp-1 is expressed in plasma cells and at low levels in B-1 cells, although it is not expressed in memory B cells (30) . Recent studies indicate that Blimp-1 is also important for T-cell differentiation, where it represses expression of IL-2 and IFN γ genes (14) and regulates differentiation of follicular T cells (31) . Thus, Blimp-1 function is required both in B cells and T cells; however, its major impact in B cells is on terminal differentiation of plasma cells, whereas in T cells it seems to be important in the regulation of immune response.
The role of IRF-4 in plasma cell differentiation has been well established, and Irf4 −/− mice do not generate plasma cells (21) . IRF-4 also up-regulates Blimp-1 expression in B cells (16) and interferes with IRF-5 activation in the TLR-MyD88 signaling pathway (32) . Thus, the roles of IRF-4 and IRF-5 in the activation of Blimp-1 and plasma cell differentiation are distinct, suggesting that the function of IRF-5 may be to enhance plasma cell differentiation in infected cells when IRF-5 is stimulated by IFN or activated by TLR signaling. Interestingly, both IRF-5 and Blimp-1 can be induced by the type I IFN signaling pathway, which is required for plasma cell differentiation and antibody responses to influenza virus infection in vivo (33) . The Blimp-1 DNA binding motif is very similar to the IRF-3 and IRF-5 DNA binding motifs, which have been shown to function as positive regulators of IFNB gene transcription in the antiviral response (34) . However, in contrast to these two factors, Blimp-1 functions as a repressor of IFNB gene transcription (35) .
It was shown that BCL-6 and Blimp-1 developed a mutual suppression loop, and although Blimp-1 suppressed BCL-6 expression in plasma cells, BCL-6 repressed Blimp-1 expression in GC B cells (16) . Expression of BCL-6 in B cells of Irf5 −/− mice was a little higher in young mice and a little lower in old mice than in C57BL/6 mice and needs to be evaluated further in larger groups of mice. Downregulation of Prdm1 expression by BCL-6 results in attenuation of plasmacytic differentiation (36) . Dysregulated expression of BCL-6 in B cells also drives B cells into tumor precursors, because BCL-6 suppresses transcription of the p53 tumor suppressor gene (37) . Enhanced expression of BCL-6 and inactivation of Blimp-1 occur in a large fraction of diffuse large-cell lymphomas (38) .
In conclusion, we have identified IRF-5 as a critical component of the B-cell transcriptional differentiation program and have shown that IRF-5 directly regulates transcription of the Prdm1 gene encoding Blimp-1, an essential regulator of plasma cell development. To our knowledge, the role of IRF-5 in the transcriptional activation of Prdm1 and plasma cell development is a previously undescribed finding. There are several indications that the impairment of IRF-5 expression may also be associated with leukemogenesis. Human IRF-5 is constitutively expressed in lymphoid tissue and peripheral lymphocytes in multiple spliced variants, but it is undetectable in the majority of leukemia cells from patients with hematological malignancies (39) . A dominant negative mutant of IRF-5 that down-regulates transcriptional activity of IRF5 in vitro was detected in the blood of patients with Chronic lymphocytic leukemia (CLL) (40) . Further, Kaposi sarcoma herpes virus (KSHV)-encoded nuclear protein viral IRF-3, expressed in human B cell lymphoma-Primary effusion lymphoma (PEL) lines, interacts with IRF-5 and inhibits its transcriptional activity (41) . Distinct polymorphisms in the IRF-5 gene are associated with a predisposition to autoimmune diseases (6) . It still remains to be determined whether genetic or epigenetic modulation of IRF-5 expression or function is associated with the occurrence of some B-cell malignancies.
Materials and Methods
Detailed methods are described in SI Text.
Mice. Irf5
−/− mice (generously provided by T. Mak, University of Toronto, Toronto, ON, Canada) were back-crossed to C57BL/6 mice for at least six generations (4). C57BL/6 mice were obtained from the Jackson Laboratory and were bred in animal housing. Animal housing and all experiments were carried out in compliance with protocols approved by The Johns Hopkins University Animal Use and Care Committee. Data presented represent analysis of this Irf5 −/− mice colony. Whether the B cell phenotype is determined by the genotype and retained in the Irf5 −/− cre +/+ mice is being analyzed.
B-Cell Purification and Flow Cytometry. Resting B lymphocytes were isolated from the spleen with CD43 microbeads (Miltenyi Biotech), cultured in RPMI supplemented with L-glutamine, sodium pyruvate, 50 μM 2-mercaptoethanol, and 10% (vol/vol) FBS (GIBCO-BRL). Single-cell suspensions from spleen were stained with phycoerythrin (PE)-Cy5-conjugated CD4; FITC-conjugated CD8 or IgD; PE-Cy7-conjugated B220; PE-conjugated IgM, CD19, or CD21; Allophycocyanin (APC) APC-conjugated CD23; biotin-conjugated CD138; and streptavidin-APC (BD Biosciences-Pharmingen) and analyzed by using flow cytometry. FACS analysis was performed as described in SI Materials and Methods.
RT-PCR and Retrovirus Transduction of B Cells. Total RNA was isolated from purified splenic B cells and reverse-transcribed to cDNA using a polyA primer (Fermentas Life Sciences; details and primers are provided in SI Text). Retroviral plasmid carrying the murine IRF-5 cDNA and GFP gene was prepared as described (42) . Virus preparation and transduction are fully described in SI Materials and Methods.
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